Introduction
The Myc family consists of c-Myc, c-Myc-S (a truncated c-Myc protein), N-Myc, L-Myc and B-Myc (Cole and Henriksson, 2006) . c-Myc and N-Myc are potent oncogenes and overexpressed in a significant proportion of human tumors. Myc proteins are also essential for normal development. c-Myc is expressed in response to an expanse of growth factors and is essential for most cells to proliferate throughout development and adulthood. N-Myc is expressed in a more restricted subset of tissues, in particular the developing neuronal tissues. cMyc and N-Myc proteins have a high percentage of identity and similarity, and they function in a biochemically similar manner. A transgenic mouse in which the cMyc coding region was substituted for the N-Myc coding region survived to adulthood and could reproduce, supporting the notion that these two Myc genes have evolved largely to allow differential regulation of Myc protein expression (Malynn et al., 2000) .
Myc proteins regulate gene expression by regulating transcription and mRNA cap methylation Cole, 2006, 2007b) . Myc is isolated from nuclei in heterodimers with Max and binds to DNA at CACGTG and related sequences. Comprehensive analysis of Mycregulated transcription reveals that in a whole range of cell lineages, Myc activates and represses an approximately equivalent number of genes (Patel et al., 2004; . When Myc binds to its consensus sites, it recruits cofactors such as TRRAP and Skp2, which mediate transactivation . The mechanism of transcriptional repression is distinct from transactivation and does not require the presence of the Myc consensus site in the vicinity of the transcription initiation site (Patel et al., 2004) . However, it is important to emphasize that Myc-dependent repression requires Myc-Max heterodimers and DNAbinding activity (Facchini et al., 1997) . Our previous microarray analysis of Myc-binding mutants revealed that Myc-dependent repression is completely abolished by a subtle mutation of the basic region, which inhibits Myc-consensus site binding (Cowling and Cole, 2007b) . In addition, Myc-dependent repression is largely dependent on Myc Box II domain, a conserved region in the transactivation domain through which most cofactors bind . Several different models of Myc-dependent repression have been reported, most involving Myc/Max recruitment to promoters via binding to another DNA-binding protein such as p300, Miz-1 or YY1 (Adhikary and Eilers, 2005) . In this model, it remains unclear why repression is dependent on a functional Myc DNA-binding domain.
The mechanism of Myc-dependent repression has remained of interest because Myc-dependent cell proliferation and transformation has been shown to be dependent on transcriptional repression of several genes. For example, Myc repression of several cell cycle inhibitors contributes to cell cycle progression, and Myc repression of the Wnt inhibitors, DKK1 and SFRP1 is necessary for epithelial cell transformation (Dang et al., 2006; Cowling and Cole, 2007a) . The importance of Myc-dependent repression in cell proliferation was highlighted by the characterization of c-Myc-S, a truncated Myc protein translated from one of two closely spaced methionine codons, 102 or 111, in the full-length c-Myc coding mRNA (Spotts et al., 1997) . c-Myc-S induces cell proliferation equivalently to c-MycWT, but analysis of a selection of Myc target genes revealed that it is defective for transactivation but not repression (Xiao et al., 1998) . Further analysis of cMyc-S has concurred that it retains the ability to repress genes, but can weakly induce transcription of other Myc target genes (Hirst and Grandori, 2000; Benassayag et al., 2005) . The study by Benassayag et al. (2005) also produced the notable result that human c-Myc-S could rescue a lethal dMyc deficiency in Drosophila.
Here, we investigate the mechanism and function of c-Myc-S-dependent repression through a global analysis of target gene response and a biochemical analysis of cofactor recruitment.
Results and discussion
To investigate Myc-induced repression we expressed a selection of Myc proteins and mutants in Myc-null fibroblasts (Figures 1a and b) . The Myc proteins used were c-MycWT, c-Myc-S, N-MycWT and an N-Myc mutant, N-MycD73, which we synthesized to be equivalent to c-Myc-S, that is, it has a deletion of the N-terminal 73 amino acids of N-Myc to a internal methionine equivalent in location to that used to initiate c-Myc-S. To study the role of the transactivation domain of N-MycD73, we created another mutant, N-MycDMBIID73, which has an additional deletion of the Myc Box II domain (MBII). MBII is essential for cell transformation and efficient gene regulation (Stone et al., 1987; . c-Myc-S and N-MycD73 were expressed at higher levels than the corresponding full-length proteins ( Figure 1b ). 
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First, we measured the proliferation rate of the cell lines ( Figure 1c) . As previously reported, the vector control, myc-null cells had a proliferation rate of approximately 45 h and expression of c-Myc or N-Myc significantly increased the proliferation rate to approximately 23 h (Mateyak et al., 1997) . c-Myc-S and the corresponding N-Myc mutant, N-MycD73, induced a proliferation rate equivalent to c-MycWT and NMycWT. Therefore, c-Myc-S behaves as previously published, and our synthetic mutant N-MycD73 has proliferative activity equivalent to c-Myc-S (Xiao et al., 1998) .
There were two basic ways in which N-MycD73 and cMyc-S could be inducing cell proliferation. These truncated Myc proteins could be actively recruiting cofactors to chromatin to regulate gene expression, or, the truncated Myc proteins could be preventing other inhibitory protein complexes binding to the Myc consensus site. Both Mad-Max and Mnt-Max heterodimers have been demonstrated to inhibit cell proliferation via competing with Myc-Max heterodimers for E-box occupancy, and it was possible that c-Myc-S and N-MycD73 were driving cell proliferation by displacing these heterodimers (Eisenman, 2000; Hurlin and Huang, 2006) . To probe these alternate hypotheses, we measured the proliferative response to N-MycDMBIID73. Abolition of MBII destroyed the proliferative activity of N-MycD73, that is, N-MycDMBIID73 did not rescue the proliferation defect in myc-null cells, despite being expressed at equivalent levels as N-MycD73 (Figure 1c ). This argues that N-MycD73 and c-Myc-S do not drive cell proliferation simply by inhibiting MadMax or Mnt-Max occupancy of E-boxes, rather that these truncated proteins are probably promoting cell proliferation by active recruitment of cofactors. To support this, we find that expression of the N-Myc DNA-binding domain alone does not promote cell proliferation of myc-null fibroblasts (not shown).
To understand the mechanism of N-MycD73-induced cell proliferation, we investigated the transcriptional response to this protein. Previous analyses of the transcriptional response of individual genes to c-Myc-S had produced somewhat conflicting results (Xiao et al., 1998; Hirst and Grandori, 2000; Benassayag et al., 2005) . Therefore, we performed a microarray analysis of genes expressed in response to N-MycWT, N-MycDM-BII and N-MycD73 (Figures 2a and b) . The transcriptional response to N-MycWT and N-MycDMBII has been analysed in detail elsewhere . In concordance with previous microarray studies, we found that N-MycWT regulates expression of approximately 10% of all genes and that the number of genes transactivated and repressed is evenly balanced. Our analysis also demonstrated that N-MycD73 is highly defective for transactivation. We calculated the number of genes upregulated 1.5-, 1.75-or 2-fold by each gene and found that N-MycD73 activates only approximately 10% of Myc target genes (Figure 2c ). In contrast, Mycdependent repression was well maintained by NMycD73, and approximately 50% of Myc-repressed genes were also repressed by N-MycD73 (Figure 2c ). This demonstrates that Myc-induced repression can be uncoupled from transactivation and that the cell proliferation rate can be maintained largely in the absence of Myc-dependent transactivation. Table 1  (Supplementary Table S1 ) shows a list of 47 genes repressed by N-MycWT but not by N-MycD73.
To validate the microarray experiment results and to further probe the mechanism of Myc-induced repression, we analysed the Myc-dependent transcriptional response for two Myc-activated and two Myc-repressed genes by reverse transcription (RT)-PCR (Figures 2c  and d) . Following the finding that N-MycD73-dependent proliferation is dependent on MBII, we included N-MycDMBIID73 in our analysis. The result of this analysis was in concordance with our microarray data. Two Myc-activated genes, HSP60 and RuvBL1, were induced approximately 2.5-fold by N-MycWT, and all three mutants, N-MycDMBII, N-MycD73 and NMycDMBIID73, were defective for transactivation. In contrast, two Myc-repressed genes, Neomycin under control of the Myc promoter and GADD45a, were repressed equivalently by MycWT and N-MycD73. Furthermore, N-MycD73-dependent repression requires MBII. This correlates with the finding that N-MycD73-induced cell proliferation requires MBII and argues that, at least for these genes, repression is not driven by titration of alternate Max heterodimers from E-boxes.
A subset of Myc-repressed genes require Miz-1, a protein that binds to the Myc DNA-binding domain (Adhikary and Eilers, 2005) . We utilized a c-Myc mutant, c-MycV394D, which does not bind to Miz-1 to determine if Myc promoter repression and GADD45a repression requires Miz-1 (Herold et al., 2002) . We found that c-Myc repression of both the Myc promoter and GADD45a was maximal in response to c-MycV394D and therefore is not Miz-1-dependent. These data agree with other reports that c-MycV394D is not defective for all Myc-dependent repression (BarsyteLovejoy et al., 2004; Patel and McMahon, 2007) . In addition, we find that c-MycV394D fully rescues the proliferation rate of myc-null cells (data not shown).
Since both proliferation and repression by N-MycD73 are dependent on MBII, we were keen to understand which MBII cofactors could be mediating these activities. Therefore, we analysed the role of known cofactors that had the potential to bind to MBII in N-MycD73. The TRRAP nucleosome-modifying complex binds to MBII and is required for Myc-dependent transformation (McMahon et al., 1998) . We found that N-MycWT could co-immunoprecipitate with TRRAP but that N-MycD73 could not, consistent with the finding that c-Myc-S is also defective for TRRAP binding (Figure 3a ) (McMahon et al., 1998) . Skp2 is an F-box protein which binds to MBII and stimulates Myc-dependent transactivation (Kim et al., 2003; von der Lehr et al., 2003) . We found that N-MycWT binding to Skp2 is MBII dependent, however N-MycD73 is even more defective than N-MycDMBII for Skp2 binding (Figure 3a) . Dnmt3a is a DNA-methyltransferase that has been found to mediate Myc-dependent p21 repression (Brenner et al., 2005) . Although Dnmt3a binds to c-Myc-S-induced proliferation is MBII-dependent VH Cowling and MD Cole c-MycWT in an MBII-dependent manner, binding was largely abolished for c-MycD73 and thus is unlikely to mediate its activity. Therefore, TRRAP, Skp2 and Dnmt3a are unlikely to mediate N-MycD73-dependent repression and cell proliferation.
We have recently reported a novel biochemical function of N-Myc and c-Myc, which is to promote global RNA pol II phosphorylation via recruitment of TFIIH to promoters (Cowling and Cole, 2007b) . To determine if N-MycD73 was inducing cell proliferation via this activity, we analysed Myc-dependent RNA pol II phosphorylation by western blot. In concordance with our previous data, we found that N-MycWT induced Ser-5 RNA pol II C-terminal domain phosphorylation in an MBII-dependent manner (Figure 3b ). However, we also found that N-MycD73 was completely defective for RNA pol II phosphorylation and thus does not induce cell proliferation via this mechanism.
In summary, our global analysis revealed that Mycdependent transactivation and repression could be largely uncoupled by use of c-Myc-S-based mutants. c-Myc-S-induced proliferation is MBII-dependent VH Cowling and MD Cole repressing approximately 50% of the genes repressed by MycWT. N-MycD73-dependent repression and cell proliferation was dependent on MBII, a domain of Myc that recruits cofactors to chromatin. However, we found that the known cofactors with potential for N-MycD73 binding did not bind to this mutant. N-MycD73 also did not induce RNA pol II phosphorylation and therefore does not promote cell proliferation by this mechanism. These findings suggest that N-MycD73 represses transcription and promotes cell proliferation via a novel MBII-dependent cofactor. Figure 1 , as described in Cowling and Cole (2007b) . Western blots were performed to detect phospho-Ser-5 RNA pol II (H14, Convance, PA, USA) and total RNA pol II (Santa Cruz Biotech). (Full method in Supplementary Methods.)
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